, and during the subsequent five-year period followed a pattern of amplification, subsidence, and resurgence. Enzootic transmission was tracked by abundance and infection incidence in Culex pipiens quinquefasciatus and Cx. tarsalis and by seroprevalence in peridomestic passerine birds, infection in dead birds, and seroconversions in sentinel chickens. Culex p. quinquefasciatus served as the primary vector of WNV, with gravid traps serving as the best sampling method and the most consistent indicator of viral activity. Spatial scan statistics applied to mosquito infection and positive dead bird data delimited three major clusters of WNV transmission, with introduction occurring in the Los Angeles Basin, and amplification and dispersal events carrying transmission to the San Fernando and Santa Clarita valleys. Los Angeles experienced major epidemics in 2004 and 2008, providing a unique opportunity to investigate specific patterns of enzootic amplification preceding epidemics. Mosquito abundance and infection. Data were generated by monthly collections of mosquitoes over the six-year study period (2003)(2004)(2005)(2006)(2007)(2008) in quarter mile (0.42 km) grids within the GLACVCD. Fixed trap sites were geocoded using a global positioning system device (Magellan MiTAC Digital Corp., Santa Clara, CA). Five core sites were operated on a bi-monthly schedule in conjunction with sentinel chicken and wild bird bleeding. Three trap types were used: Center for Disease Control and Prevention style dry ice-baited encephalitis virus surveillance (EVS) traps, 17, 18 Reiter-Cummings gravid traps 19 baited with alfalfa-yeast media, and underground storm drain system traps that were unbaited EVS traps placed under manhole covers in storm drains. Mosquitoes were enumerated to species, sex, and trophic status. Infection was monitored by aggregating samples of Cx. p. quinquefasciatus , Cx. stigmatosoma , and Cx. tarsalis mosquitoes from the same time period and location into pools of 2-50 mosquitoes of each species and trap type. Pools were screened for WNV, SLEV, and WEEV RNA using real-time multiplex reverse transcriptionpolymerase chain reaction (RT-PCR) with an ABI Prism 7900 TaqMan (Applied Biosystems, Foster City, CA) and published 20 and unpublished primers from the envelope gene. All multiplex RT-PCR-positive samples were confirmed by virus isolation on Vero cell culture, in situ EIA, 21 and/or a second singleplex RT-PCR using primer sets from the nonstructural protein gene region. 22 The predictive value of a positive multiplex RT-PCR was excellent if the critical threshold scores were < 30. Therefore, during 2006-2008, confirmation by a second method was conducted only on samples with screening cycle threshold values > 30 and < 40. Mosquito infection incidence was calculated using the PooledInfRate v2.0 Microsoft Excel ® add-in (Microsoft, Redmond, WA).
INTRODUCTION Enzootic West Nile virus (family Flaviviridae
Historically, the endemic mosquito-borne encephalides in California, St. Louis encephalitis virus (family Flaviviridae , genus Flavivirus , SLEV) and western equine encephalomyelitis virus ( Togoviridae, Alphavirus , WEEV), were considered to be rural health problems, mostly of the Central Valley. 4 However, during the 1980s, Los Angeles experienced intermittent enzootic transmission and outbreaks of SLEV. 5 The last outbreak occurred in 1984, with 26 human cases, and the enzootic indicators were infected sentinel chickens, followed by infected pools of Cx. tarsalis Coquillett. 6 The lack of detectable mosquito infection prior to human cases was likely caused by limited and focal mosquito surveillance at that time, with only 81 mosquito pools tested during 1984 from Los Angeles County. 7 After discovery of urban SLEV transmission, the Greater Los Angeles County Vector Control District (GLACVCD) retained a small-scale arbovirus surveillance program monitoring mosquito abundance and infection and sentinel chicken seroconversions for WEEV and SLEV.
During 2002, prior to WNV reaching the West Coast, GLACVCD further expanded surveillance to include WNV testing for more sites and sampling frequency, additional sentinel chicken flocks, and the monitoring of wild bird seroprevalence. This multi-disciplinary surveillance approach captured the patterns of WNV introduction, amplification, and dispersal in this heavily urbanized maritime environment. Surveillance variables included human and equine case reports, mosquito abundance and infection, dead bird reports and test results, sentinel chicken seroconversions, wild bird seroprevalence, and climate data. The current report describes temporal and spatial patterns within our six-year data set and addresses our over-arching hypothesis that careful monitoring of antecedent WNV enzootic activity can help predict the timing and intensity of tangential transmission to humans and improve current risk models. A comparison of predictive risk models will be addressed in a companion report. Spatial and temporal patterns among these data and risk models enabled us to determine which surveillance indicators were most effective in predicting human cases reported by passive surveillance from densely populated and ethnically diverse Los Angeles.
METHODS

Study area. Los Angeles County in southern
California is the most populous county in the United States. It consists of 88 incorporated cities and 140 unincorporated communities 8 and contains approximately 10 million persons or 27% of the California state population. 9 Landscape ranges from coastal chaparral in the Los Angeles Basin, San Fernando, and San Gabriel valleys to desert in the Santa Clarita Valley. The coastal chaparral is characterized by two forces; the south facing slopes of the San Gabriel and San Bernardino mountain ranges create a dry environment, and coastal fog creates humidity. 10 Rainfall in this region is typically between November and April, with monthly precipitation rarely exceeding 10 cm. Daily high temperatures range from 20°C to 30°C, and lows range between 9°C and 20°C. 11 There are four major river systems, the Los Angeles River, the San Gabriel River, Santa Clara River, and the Rio Hondo River. Juxtaposed on this natural landscape are 805 km of open concrete channels, 4,023 km of underground storm drains, and > 70,000 catch basins. 12 Population estimates from the 2000 deci-centennial census for Los Angeles County were 9,519,331 persons, with a population density of 905 persons/km 2 . 9 Los Angeles County covers 10,518 km 2 , of which 3,445 km 2 are within the GLACVCD jurisdiction that serves approximately six million residents.
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Climate. Daily high and low temperature data were made available by the National Aeronautics and Space Administration Terrestrial Observation and Prediction System, 14 a combination of ground and satellite data with modeling that provides 1-km of the three study zones, and averaged in biweekly intervals. Data aggregation and calculations were performed by using PostgreSQL 8.3.7.
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Human case monitoring. Human cases were monitored by the Los Angeles County Department of Health and Human Services, Acute Communicable Disease Control, through passive case detection and reporting. Additional cases were discovered through blood donor programs and noted as asyptomatic blood donors (ASDs) unless symptoms developed after donation, at which time the person was included as a case. Cases fit the Centers for Disease Control and Prevention (Ft. Collins, CO) definition for neuroinvasive or febrile illness and were laboratory confirmed, typically by demonstration of IgM in serum samples or in spinal fluid by enzyme immunoassay (EIA).
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Mosquito abundance and infection. Data were generated by monthly collections of mosquitoes over the six-year study period (2003) (2004) (2005) (2006) (2007) (2008) in quarter mile (0.42 km) grids within the GLACVCD. Fixed trap sites were geocoded using a global positioning system device (Magellan MiTAC Digital Corp., Santa Clara, CA). Five core sites were operated on a bi-monthly schedule in conjunction with sentinel chicken and wild bird bleeding. Three trap types were used: Center for Disease Control and Prevention style dry ice-baited encephalitis virus surveillance (EVS) traps, 17, 18 Reiter-Cummings gravid traps 19 baited with alfalfa-yeast media, and underground storm drain system traps that were unbaited EVS traps placed under manhole covers in storm drains. Mosquitoes were enumerated to species, sex, and trophic status. Infection was monitored by aggregating samples of Cx. p. quinquefasciatus , Cx. stigmatosoma , and Cx. tarsalis mosquitoes from the same time period and location into pools of 2-50 mosquitoes of each species and trap type. Pools were screened for WNV, SLEV, and WEEV RNA using real-time multiplex reverse transcriptionpolymerase chain reaction (RT-PCR) with an ABI Prism 7900 TaqMan (Applied Biosystems, Foster City, CA) and published 20 and unpublished primers from the envelope gene. All multiplex RT-PCR-positive samples were confirmed by virus isolation on Vero cell culture, in situ EIA, 21 and/or a second singleplex RT-PCR using primer sets from the nonstructural protein gene region. 22 The predictive value of a positive multiplex RT-PCR was excellent if the critical threshold scores were < 30. Therefore, during 2006-2008, confirmation by a second method was conducted only on samples with screening cycle threshold values > 30 and < 40. Mosquito infection incidence was calculated using the PooledInfRate v2.0 Microsoft Excel ® add-in (Microsoft, Redmond, WA).
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Dead birds. Dead birds found by the public were reported to the California Department of Public Health, Vector Borne Disease Section, Dead Bird Hotline. 24 If birds were considered to be in a testable condition, they were forwarded to the California Animal Health and Food Safety laboratory at the University of California Davis for necropsy. Oral swabs (American crows only) or kidney tissues were submitted to Center for Vectorborne Diseases for WNV testing by RT-PCR using previously published primers. 25 Previous studies indicated a low case-fatality rate of birds infected with WEEV or SLEV. 26 Therefore, dead birds were not tested for these viruses. From 2004 onwards the Dead Bird Hotline ceased testing birds from zip codes with a previously reported positive dead bird, but continued to collect dead bird reports. Throughout, bird common names follow those approved by the American Ornithologist's Union (http://www.aou.org/checklist/north/ index.php).
Sentinel chickens. Flocks of 10 White Leghorn hens were maintained at 7 sites each surveillance year. Blood samples (0.1 mL) were collected from all birds at each site every two weeks by brachial venipuncture and placed on filter paper strips. 27 The strips were sent to the California Department of Public Health, Viral and Rickettsial Disease Laboratory in Richmond, California for testing by EIA and immunofluorescent antibody assay for antibodies to WNV, WEEV, and SLEV.
28
Free-ranging avian serologic testing. Free-ranging birds were collected by grain-baited Australian crow traps with inlet apertures reduced to limit ingress to small birds. 29 Traps were placed at each of five core sites and were set for 24 hours biweekly. As modified, traps collected primarily peridomestic house sparrows ( Passer domesticus ) and house finches ( Carpodacus mexicanus ). Birds were banded pursuant to Federal Banding permit 22763, and 0.1 mL of blood was collected by 28-guage needle syringe from each bird by jugular venipuncture and expelled into 0.9 mL of sterile saline. The bird serum was tested by EIA for antibodies to WEEV and flavivirus. 30 Because antibodies against WNV cross-react with SLEV in our EIA, positive results were confirmed and the infecting virus identified by end point plaque-reduction neutralization test using the NY99 strain of WNV and the KERN217 strain of SLEV. Wild bird serologic data were used to calculate seroprevalence proportion, defined as the total number of positive birds/total birds bled for each bleed date.
Statistical analysis. A retrospective time-space scan for high prevalence was performed in SatScan ™ 31 on the mosquito pool and tested dead bird datasets separately for each year of the study period. 32, 33 The data were binary. Therefore, a Bernoulli model was selected for the iterative scans for high rates. Cluster centers were not allowed within an overlapping cluster. Statistical significance of a cluster in either the dead bird or mosquito pool datasets was identified by a P value < 0.05, rejecting the null hypothesis of random dispersion of WNVpositive test results in time and space. The maximum time period permitted was 10% of the study period to ensure that all mosquito sites trapped on a monthly cycle were included in the scan. The maximum proportion of the observations allowed in any single cluster was 0.10 to reduce cluster size. Parameter restrictiveness for clustering was evaluated by determining if the number of observations within a cluster neared or equaled the maximum permissible proportion. Mapping of surveillance indicators and significant clusters was performed using ArcMap version 9.3 software (Environmental Systems Research Institute, Redlands, CA).
Trap efficacy for collecting Cx. tarsalis and Cx. p. quinquefasciatus was compared in EVS trap collections for the entire study period. These data were transformed by ln(y + 1) to adjust for skewness and control the variance 34 and analyzed by analysis of variance (ANOVA) with least squared means.
Trap types were compared using data collected in 2004, when each site was sampled using paired EVS and gravid traps. These data were transformed by ln(y + 1) to adjust for skewness and control the variance, 34 and tested by an ANOVA with Tukey's comparisons of transformed mean females per trap night (F/TN). Underground storm drain system trap collections were not compared in this fashion because the sampling scheme was not comparable. An additional non-parametric Wilcoxon rank sum test was performed on the trap type data for the Santa Clarita stratum because of the low sample size. Pearson correlation analysis was performed to determine the correlation between females per trap night by both trap methods with the month and site of collection. Analyses were conducted using SAS version 9.2 software (SAS Institute Inc., Cary, NC).
Ethics. Table 1 .The intensity of surveillance was maintained throughout the study period, with the numbers of pools submitted for testing related to mosquito abundance. The first date of detecting a positive result by each surveillance indicator is shown in Table 2 . Dead birds were consistently reported earliest each year. However, these reports appeared to be independent of amplification in avian or mosquito populations because they typically occurred over a month before a positive dead bird test result was detected. Positive dead birds also were detected prior to the mosquito season (typically May-October), which suggested either mosquito transmission at levels below our detection thresholds or bird-to-bird transmission. 35 Sentinel chicken seroconversions were detected concurrently in time with infected Cx. stigmatosoma pools, and positive Cx. p. quinquefasciatus pools were detected consistently earlier in the season, followed by Cx. tarsalis pools. The magnitude of the Los Angeles epizootics and epidemics was considerable ( Figure 1 ) . Therefore, the area was stratified on the basis of time-space cluster findings in the sections that follow.
Introduction of WNV into the Los Angeles Basin occurred during 2003 ( Figure 1A ), and focal dead bird and mosquito pool activity were clustered at the confluence of the San Gabriel and Rio Hondo rivers near an enormous fallwinter American crow roost within the Whittier Narrows Nature Reserve ( In 2008 clustering was centered again at the large corvid roost in the Whittier Narrows. Throughout, the proportion of total observations within a cluster never exceeded the imposed limit of 10% of the population (maximum = 7.7%). Therefore, this parameter was not considered overly restrictive. showed significant differences among years (F = 5.34, degrees of freedom [df] = 5, P = 0.012). When temperatures were stratified by region ( Figure 3 ), there were significant differences in mean temperature among regions (F = 158.47, df = 2, P < 0.001), with no difference between Santa Clarita (mean = 16.77°C) and San Fernando Valleys (mean = 16.57°C), but significantly warmer mean temperatures in the Los Angeles Basin (mean = 19.26°C, Tukey's honestly significant difference test, df = 401, alpha = 0.05, minimum significant difference = 0.52°C). Warmer temperatures here could relate to increased urbanization creating heat island phenomena. 36 The Los Angeles Basin had most of the epizootic and epidemic WNV activity. This finding could be related to the significantly higher mean temperatures enabling more rapid viral replication in the mosquito host and more frequent host-vector contact, even though mosquito abundance was lower in this region than in the Santa Clarita and San Fernando valleys.
Human cases. Laboratory-confirmed human cases were observed during all six years of the study ( Table 3 ) , with most reported during the 2004 epidemic. A total of 168 cases with known onset date were found within the GLACVCD jurisdiction and 287 were found within Los Angeles County. A time-series graph of human cases ( Figure 4 ) showed that tangential transmission to humans was confined to June and October, and typically peaked concurrent with Cx. p. quinquefasciatus mosquito infection incidence per 1,000.
Mosquito abundance. Most Cx. tarsalis specimens were collected by dry ice-baited EVS traps, which had 1.90 females per trap night. Gravid traps had 0.81 females per trap night over the total study period. Mosquito collection efforts were similar throughout the study period. However, the number of mosquito pools tested differed because of abundance patterns. Transformed annual Cx. tarsalis abundance in Los Angeles was significantly less than that for Cx. p. quinquefasciatus when EVS trap collections were compared by ANOVA with least squares means (t = 16.83, df = 287, P < 0.001, back-transformed means were 1.24 and 6.02 females per trap-night, respectively). A similar comparison could not be drawn in gravid trap collections because of infrequent Cx. tarsalis samples by this method.
Trap collections for 2004 were assessed by ANOVA (n = 2,659 trap nights) and varied significantly by month of collection (F = 67.08, df = 11, P < 0.001), trap type (F = 582.95, df = 1, P < 0.001), and interaction between month and trap type (F = 3.11, df = 11, P = 0.0004). A comparison of mean females per trap type showed that gravid trap counts (n = 1,372, mean = 10.7 females per trap night) were significantly greater than EVS trap counts (n = 1,287, mean = 2.9 females per trap night) ( P < 0.001, by Tukey's honestly significant difference test). Pearson correlation analysis showed females collected in EVS and gravid traps per night were correlated inversely over time and space during 2004 (r = −0.39, n = 2,659, P < 0.0001), but positively correlated over months (r = 0.11, n = 2,659, P < 0.001), with a modest effect of site (r = 0.08, n = 2,659, P < 0.001).
Analysis of variance of transformed paired gravid and EVS trap collections showed significant difference by region of Los Angeles (F = 34.74, df = 2, 1251, P < 0.001). Mean counts in the San Fernando Valley (back-transformed mean = 2.18 F/TN) were greater than in the Los Angeles Basin (back-transformed mean = 1.50 F/TN) ( P < 0.001, by Tukey's multiple comparison), but not statistically different from mean counts in Santa Clarita (back-transformed mean = 1.29 F/TN). Mean trap counts were not statistically different in the Los Angeles Basin and Santa Clarita. Further analysis was performed to stratify the data by trap type. In the Los Angeles Basin, there were significant differences between collections made with gravid and EVS traps (n = 1,480, F = 155, df = 1, 1478, P < 0.001). Similarly, in the San Fernando Valley, there were significant differences in collections between the two trap types (n = 984, F = 198.59, df = 1, 982, P < 0.001). Interestingly, in more rural Santa Clarita Valley, collections were not significantly different (n = 44, F = 3.54, df = 1, 42, P = 0.066), even by non-parametric methods used to account for lower sampling effort (z = -1.45, P = 0.14, by Wilcoxon rank-sum test). Biweekly Cx. p. quinquefasciatus maximum likelihood estimation of mosquito infection incidence at our study areas ranged from 0 to 32.3 per 1,000. Most specimens tested were from gravid traps, which represented 76%, 75%, 74%, 68%, 58%, and 69% of the total Cx. p. quinquefasciatus specimens tested for the years 2003-2008, respectively. The disparity in mosquito pool submission was caused by differences in the number of mosquitoes collected by each trap method, as described above. Biweekly mosquito infection incidence for Cx. tarsalis ranged from 0.94 to 16.04 per 1,000 mosquitoes.
On the basis of the time-space cluster analyses, the GLACVCD was stratified into three main areas ( Figure 5 ) that experienced dramatically different Cx. p. quinquefasciatus abundance and infection incidence over time ( Figure 4 ) . The Los Angeles Basin experienced most of the 2004 and The most frequently tested species was the American crow, followed by the house finch, common raven, and house sparrow ( Table 6 ). Temporal patterns in the proportion tested (number of birds in testable condition from open zip codes/ total dead birds reported) and the proportion positive (number of dead birds with a positive test result/total tested birds) calculated biweekly are shown in Figure 6 ( Table 1 ) . Of these samples, 1,456 (9%) were positive for WNV (1, 351) or unidentified flavivirus (105); i.e., were positive by EIA and plaque-reduction neutralization test, but titers were equivocal or < 4 times those for SLEV by end point titration. The most frequent species collected were house finches (8, (1), and black phoebe (1) .
Seroprevalence for house finches and house sparrows calculated biweekly ranged between 0 and 0.46, with the overall maximum in December 2004 ( Figure 7 ) . Three important temporal trends were observed in our data. The first trend was the impact of herd immunity. After seroprevalence exceeded 0.25 during 2004, tangential transmission and therefore positive dead birds and human cases decreased. Dead birds and human cases were detected during subsequent years whenever seroprevalence decreased below 0.10. The second trend was hatching year birds. Fledging of nestlings was associated with reduced seroprevalence during each summer and was the primary factor associated with progressive seasonal decreases in seroprevalence. The third trend was winter seroprevalence. Low seroprevalence during later winter and spring most likely facilitated early season amplification transmission and was associated with increased human cases during the following summer. During 2008, seroprevalence was 0.03, 0.10, and 0.11 during January, February and March, respectively, and was followed by an outbreak of human cases.
DISCUSSION
Similar to published reports describing WNV invasion into new geographic areas, WNV enzootic and epidemic activity in Los Angeles followed a three-year pattern of introduction, amplification, and subsidence, 38, 39 with subsequent resurgence during 2008. Resurgence in 2008 followed similar spatial and temporal patterns as in the 2004 epidemic year, with increases in proportion of positive dead birds, mosquito infection incidence, sentinel chicken seroconversions, and number of human cases. Interestingly, the 2008 outbreak followed the progressive decrease in avian herd immunity, perhaps indicating the importance of early season increased seroprevalence and depopulation in dampening viral amplification events.
Case detection in Greater Los Angeles appeared to be skewed towards severe disease, because the ratio of WNND to West Nile fever cases was consistently greater than the * Eleven of these cases were missing clinical designation on the epidemiologic report. WNND = West Nile neuroinvasive disease; WNF = West Nile fever; ABD = asymptomatic blood donor not included in the case totals or calculations.
1:256 and 1:140 ratios estimated in North Dakota and New York City. 40, 41 This finding, combined with the increase in the numbers of ASDs detected by routine blood donor screening, On the basis of infection incidence, the Culex species most frequently involved in enzootic and epidemic transmission in urban Los Angeles appeared to be Cx. p. quinquefasciatus , Cx. stigmatosoma , and Cx. tarsalis . Using serologic methods, we determined that 58% (n = 98), 95% (n = 19), and 100% (n = 3) of these species collected resting at residences in the Los Angeles Basin previously were found to blood feed on avian hosts, respectively. 42 Culex p. quinquefasciatus were the most abundant species in Los Angeles and provided the most consistent indication of WNV activity as measured by females per trap night and infection. Collections of this species in urban settings were biased towards gravid individuals because of the comparative sensitivity of gravid and EVS traps. However, in the Santa Clarita Valley, where the human population density is the lowest of the three regions, no significant difference was noted in abundance estimated by the two traps. Although this finding may have been an effect of low sample size, our results also may be explained by the higher density of potential hosts in an urban environment competing with the CO 2 emitted by the dry ice bait. Conversely, medium for gravid traps may represent not only a suitable but perhaps a limiting resource for oviposition.
Dead bird reports were not a useful surveillance tool because they were consistently reported long before the mosquito season began and were confounded by bird death unrelated to WNV. The proportion of dead birds tested during epidemic (38) years 2004 and 2008 were significantly different (χ 2 = 1376.6, df = 1, P < 0.001), as were the proportion of dead birds testing positive (χ 2 = 162.879, df = 1, P < 0.001). This lack of association was likely confounded by reduced media attention, public concern, and funding, resulting in zip code closures earlier in the 2008 mosquito season despite a similar magnitude epidemic. Dead bird species in Table 6 that had high percentages of WNV-positive individuals were species that were dying above their background death rate because of WNV infection. In experimental infections, for example, 63% of house finches and all western scrub-jays, but only 16% of house sparrows, died of infection. 47 This trend was reflected in the percent reported positive in Table 6 and in the increased seroprevalence in trapped birds.
High death rates in nature were associated with significant population decreases in California American crow and house (45) finch populations since the arrival of WNV. 49 In marked contrast, house sparrow abundance has increased significantly, perhaps because of reduced competition for peridomestic nesting sites and predation by corvids. In 2004, the proportion tested decreased during the summer months because of zip code closures after many positive birds had been detected. Increases in the proportion tested occurred during winter and early spring months when fewer birds were reported dead by the public, more were in testable condition, and zip code closures had not been initiated. The clustering of WNV-positive dead birds near large crow roosts suggests that this species contributed significantly to local virus amplification. 50, 51 Sentinel chicken seroconversions were detected each year, and occurred closest in time with the first Cx. stigmatosoma infections. This association is intuitive given the ornithophilic nature of Cx. stigmatosoma . However, more data will be required for a more robust time series analysis of this coincidence. Further examination of the enzootic circumstances relating to sentinel chicken seroconversion will be forthcoming in a separate report.
In summary, the two WNV epidemics in Los Angeles County provided a unique opportunity to track patterns in the epizootic progression of WNV through time and space and evaluate the utility of different epizootic surveillance measures during invasion and resurgence. From this experience, it was clear that gravid Cx. p. quinquefasciatus infection provided the primary indication of urban WNV activity. Improved sampling methods are needed to effectively sample urban populations of the other more competent Culex species. Dead birds positive for WNV were a more relevant measure of WNV activity than just dead bird reports, especially during inter-epidemic periods when most birds died of other causes. Wild bird seroprevalence provided an estimate of herd immunity or portions of the free-ranging reservoir population that were no longer contributing to enzootic transmission. These factors plus variation in temperature and mosquito abundance appeared to give rise to different seasonal patterns of virus amplification and human disease.
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